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We have investigated the effect of extensive compositional change on the structure and magnetic
properties of FePt sputtered films deposited at a substrate temperature of 300 °C. The Fe
concentration in the FePt films was varied from 19 to 68 at. %. In the x-ray diffraction patterns,
~001! and ~003! superlattice peaks were observed at a Pt-rich composition range, indicating the
formation of a L10 ordered structure. AL10 ordered Fe38Pt62 film exhibited perpendicular
magnetization with a large uniaxial magnetic anisotropy ofKu51.8310
7 erg/cm3. © 2003


















































l: gThe ever-increasing demand for the areal density
magnetic recording has driven the recording bit to sma
dimensions, and it will be necessary to store data on 10
scale ferromagnetic particles to achieve the areal density
Tb/in2. However, for any given materials, there is a critic
grain size where thermal fluctuation becomes dominan
room temperature. In order to reduce the critical grain s
L10 ordered FePt alloy with a large uniaxial magnetic ani
tropy (Ku57.0310
7 erg/cm3)1 has attracted much attentio
and a lot of studies have been focused on the fabricatio
L10 ordered FePt thin films.
2–7 Although theL10 ordered
structure is thermodynamically stable at room temperat
sputtered thin films do not have the ordered structure bec
they do not pass the order-disorder transformation at h
temperature during the fabrication process. Thus, it is ne
sary to deposit films on a heated substrate or anneal the
ordered films after deposition usually above 500 °C to obt
the L10 structure.
8 This high temperature processing is
drawback for practical applications because currently u
materials for hard disk drives do not have such a high te
perature durability. Recently, several attempts have b
made to reduce the process temperature, such as the
duction of underlayers,9 the addition of third elements,10,11
multilayering,12,13 ion irradiation,14 monatomic layer
control,15 and in situ annealing.16 Most of these investiga
tions were mainly performed around the stoichiometricL10
phase composition (Fe50Pt50 in atomic percent!, and in some
cases, Fe-rich compositions.8 However, no attention has bee
paid to the change in the process temperature by shifting
composition of the FePt phase to a Pt-rich off-stoichiome
region.
In this work, we have investigated the composition d
pendence of chemical order and uniaxial magnetic ani
ropy in sputter-deposited FexPt1002x thin films at reduced
temperature. We found that the substrate temperatureTs
could be reduced by decreasing the Fe concentratiox
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slightly from the equiatomic ratio. For Pt-rich composition
highly ordered FePt thin films with a large uniaxial magne
anisotropy have been obtained even atTs5300 °C, in con-
trast to the result around the stoichiometric composit
showing only poor chemical order.
Films were prepared on MgO~001! substrates using a d
magnetron sputtering apparatus. Base pressure was bel
31029 Torr, and high-purity argon of 5.0 mTorr was flow
during sputtering. An Fe seed layer of 10 Å and an epitax
Pt ~001! buffer layer of 400 Å were first deposited at roo
temperature. Fe and Pt were codeposited atTs5300 °C on
the Pt~001! buffer layer. The FexPt1002x layer thickness was
fixed at 180 Å. Note that Takahashiet al. reported that the
film of this thickness sputtered atTs5300 °C was not or-
dered at the stoichiometric composition.17 The typical
growth rate was 0.1 Å/s. The compositions of films we
determined by electron probe x-ray microanalysis andx was
varied in the range of 19–68 at. %. X-ray diffraction~XRD!
was performed for structural characterization. Magne
properties for all the films were measured by a supercond
i g quantum interference device magnetometer.
Figure 1 shows a series of XRD patterns for FePt t
films with x568 ~a!, 62 ~b!, 52 ~c!, 45 ~d!, 38 ~e!, 34 ~f!, 30
~g!, and 19~h!. Since only (00n) diffraction peaks are ob-
served, the films are strongly textured to the~001! planes,
indicating that the film was grown epitaxially on the Mg
substrate. The fundamental~002! and~004! peaks of theL10
phase and the peaks from the Pt buffer layer are clearly
served for all the samples. The unlabeled sharp peaks are
to the MgO substrate. Only the very diffuse superlatt
~001! and~003! peaks are observed forx552–68@Figs. 1~a!,
1~b!, and 1~c!#. Whenx decreases to 45@Fig. 1~d!#, the dis-
tinct superlattice peaks appear. The intensities of superla
peaks take maxima atx538 @Fig. 1~e!#. With further de-
crease ofx, the intensities of superlattice peaks decrea
again and the positions of fundamental peaks shift to a lo
angle. The decrease of the intensities of superlattice pe
indicates the degradation ofL10 ordering and the peak shif
indicates that Fe sites in theL10 structure are partly replace
o-1 © 2003 American Institute of Physics

























2462 Appl. Phys. Lett., Vol. 82, No. 15, 14 April 2003 Seki et al.by Pt atoms with decreasingx, resulting in the expansion o
the lattice spacing of thec plane. No clear superlattice peak
are observed around the stoichiometric composition, indi
ing that Ts5300 °C is too low for the formation of aL10
ordered structure, which is consistent with the previou
reported result.17 However, by decreasingx from the sto-
ichiometric composition, theL10 ordering is promoted even
at Ts5300 °C. From the integrated intensities of fundamen
and superlattice peaks extracted from numerical fitting,
degree of long-range chemical order parameterS was evalu-
ated. The detailed procedure for the evaluation ofS was
described in a previous letter.15 The S shows the maximum
of 0.660.1 for x538 @Fig. 1~e!# and 34@Fig. 1~f!#. The cal-
culated value ofS for the off-stoichiometric composition o
x538 is 0.76.18 Compared with the calculated value, th
measured long-range order parameter for Fe38Pt62 is high,
and the normalized degree of order is 0.79.
In order to confirm the quality of present films and
determine thec/a values of FePtL10 tetragonal unit cells,
the intensity mapping of$202% planes was performed using
single crystal diffractometer with CrKa radiation. Figure 2
shows the intensity mapping for the$202% diffraction for
x538. The scan directions of the polar anglex and the rota-
tional anglew on the FePt~202! plane are illustrated in the
inset of Fig. 2. The fourfold rotational symmetry around t
@001# surface normal is clearly observed~x546.5°!, indicat-
ing that theL10 ordered FePt thin film is epitaxially grow
on the MgO~001! single crystalline substrate.
Figure 3 shows the magnetization curves forx552 ~a!,
45 ~b!, 38 ~c!, 34 ~d!, 30 ~e!, and 19~f!. Solid and broken
curves denote the magnetization curves with applied fie
perpendicular (H') and parallel (H i) to the film plane, re-
spectively. The easy magnetization axis for the nearly s
ichiometric composition (x552) is in the film plane. On the
other hand, with decreasingx from the stoichiometric com-
position, the easy axis changes to the perpendicular direc
to the film plane. The magnetic field of 50 kOe is not enou
to saturate the magnetization in the in-plane direction
x538, indicating the existence of large magnetic anisotro
FIG. 1. X-ray diffraction patterns with CuKa radiation for FePt films
grown atTs5300 °C. The Fe concentrationsx for FePt films are 68~a!, 62










For x519, however, the easy axis is the in-plane direct
again. Uniaxial magnetic anisotropy energy (Ku) was deter-
mined from the area enclosed between the magnetiza
curves in magnetic fields parallel and perpendicular to
film plane, with the correction of shape anisotropy energ
(22pMs
2). The maximum value ofKu51.8310
7 erg/cm3
has been obtained forx538 @Fig. 3~c!#. The highestKu is
obtained for the film with the highestS. Saturation magne-
tization Ms decreases with decreasingx.
Figure 4 summarizes the lattice constants ofa andc ~a!,
FIG. 2. The intensity mapping for the$202% diffraction of an Fe38Pt62 thin
film. The FePt~202! plane is denoted by the gray area in theL10 structure
and the scan directions ofx andw are also denoted.
FIG. 3. Magnetization curves for FePt films with different Fe concentratio
grown atTs5300 °C. The magnetic field was applied in the perpendicu
direction to the film (H' : solid curves! and in the in-plane direction (H i :
broken curves!. Fe concentrationsx for FePt films are 52~a!, 45 ~b!, 38 ~c!,
34 ~d!, 30 ~e!, and 19~f!.





































2463Appl. Phys. Lett., Vol. 82, No. 15, 14 April 2003 Seki et al.the tetragonality represented byc/a ~b!, the long-range orde
parameterS ~c!, and the uniaxial magnetic anisotropy ener
Ku ~d! as a function of Fe concentrationx. With increasingx
up to 38, the value ofc decreases monotonically, and r
mains constant for 38<x<62. On the other hand, the valu
of a remains constant forx<38 and decreases forx>38. The
value of c/a holds a minimum (c/a50.955) for x538. S
andKu hold maxima aroundx538 wherec/a holds a mini-
mum.
The present results indicate that high chemical order
large uniaxial magnetic anisotropy can be achieved in F
thin films even at 300 °C by varying the composition sligh
to a Pt-rich side from the stoichiometric one. Although t
mechanism is not clear at present, we may say that the e
of strain is important. FePt~110! films were also prepared o
Pt ~110! buffers using MgO~110! substrates. In this case, th
long-range order parameter and the uniaxial~in-plane! mag-
netic anisotropy energy have been found to be high
around the stoichiometric composition, showing a clear c
trast with the FePt~001! films. The lattice constant of Pt i
FIG. 4. The lattice constants ofc plane anda plane~a!, the tetragonality
represented byc/a ~b!, the degree of chemical orderingS ~c!, and uniaxial
magnetic anisotropyKu ~d! for FePt thin films as a function of the F





larger than that of FePt, and for FePt~001! films the tensile
strain of thec plane is considered to play a significant role
the formation of theL10 ordered structure. More detaile
structural analysis will elucidate the mechanism.
In summary,L10 ordered FePt films with large magnet
anisotropy have been successfully prepared atTs5300 °C by
decreasing the Fe concentration from the stoichiome
composition. The maximum values of the long-range or
parameterS and uniaxial magnetic anisotropy energyKu
were 0.6 0.1 and 1.83107 erg/cm3, respectively, for
x538, where the tetragonalityc/a shows the minimum
value. This study provides a technique of low temperat
fabrication of highly ordered FePt thin films, which could b
useful for the applications such as ultrahigh density reco
ing media.
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